Voltage-sensitive neuronal Kv1 channels composed of four α subunits and four associated auxiliary β subunits control neuronal excitability and neurotransmission. Limited information exists on the combinations of α subunit isoforms (i.e. Kv1.1-1.6) or their positions in the oligomers, and how these affect sensitivity to blockers. It is known that TEA (tetraethylammonium) inhibits Kv1.1 channels largely due to binding a critical tyrosine (Tyr 379 ) in the pore, whereas Val 381 at the equivalent location in Kv1.2 makes it insensitive. With the eventual aim of developing blockers for therapeutic purposes, Kv1.1 and 1.2 α subunit genes were concatenated to form combinations representing those in central neurons, followed by surface expression in HEK (human embryonic kidney)-293 cells as single-chain functional proteins. Patch-clamp recordings demonstrated the influences of the ratios and positioning of these α subunits on the biophysical and pharmacological properties of oligomeric K + channels. Raising the ratio of Kv1.1 to Kv1.2 in Kv1.2-1.2-1.1-1.2 led to the resultant channels being more sensitive to TEA and also affected their biophysical parameters. Moreover, mutagenesis of one or more residues in the first Kv1.2 to resemble those in Kv1.1 increased TEA sensitivity only when it is adjacent to a Kv1.1 subunit, whereas placing a non-interactive subunit between these two diminished susceptibility. The findings of the present study support the possibility of α subunits being precisely arranged in Kv1 channels, rather than being randomly assembled. This is important in designing drugs with abilities to inhibit particular oligomeric Kv1 subtypes, with the goal of elevating neuronal excitability and improving neurotransmission in certain diseases.
INTRODUCTION

Kv (voltage-gated K
+ ) channels are a diverse family of membrane-spanning proteins, with the Shaker-related Kv1 subfamily being the most intensely studied (reviewed in [1] ). Involvement in controlling cell excitability and synaptic transmission make them potential targets for neurotherapeutics. Kv1 channels in the brain, purified using the selective blockers αDTX (α-dendrotoxin) or DTX k , are large (molecular mass ∼ 400 kDa) sialoglycoprotein complexes [2] consisting of four poreforming α subunits and four cytoplasmically associated auxiliary β proteins [3, 4] . When heterologously expressed alone, each of the major genes encoding α subunits (Kv1.1-1.6 [5] [6] [7] and Kv1.7 [8] ) yields a homo-tetrameric channel with distinct biophysical and pharmacological profiles. Further diversity in vivo results from hetero-polymerization, but only a subset of the possible oligomeric combinations has been found in mammalian brain [9] [10] [11] [12] , suggesting that their synthesis and/or assembly are restricted. Kv1.2 is the most prevalent in neuronal membranes where some occur as a homo-tetramer and the majority is heteromerized with other Kv1 α subunits [10, 12] ; interestingly, there is preponderance in these preparations of the less abundant Kv1.1 subunit in oligomers with Kv1.2.
Following depolarization, the voltage-dependent delayedrectifier members of the Kv1 channel family play an important role in rapid restoring of the neuronal resting membrane potential. Both Kv1.1 and Kv1.2 channels are considered low-voltageactivated channels that open with small depolarizations at or below resting potential [13, 14] . Nevertheless, the homomeric Kv1.1 channel activates at more negative potentials compared with its Kv1.2 counterpart when expressed in mammalian [15] or Xenopus [16] systems. This difference in their voltage-dependence of activation would confer rapid conduction of high-frequency action potentials [17, 18] .
TEA (tetraethylammonium) is a classical Kv channel blocker, from the external or internal side of the pore region [19] [20] [21] [22] [23] . For external TEA, neuronal Kv1 channels are either sensitive (IC 50 = 0.3-10 mM; Kv1.1, Kv1.3 and Kv1.6) or insensitive (IC 50 >100 mM; Kv1.2, Kv1.4, Kv1.5 and Kv1.7) (see [24] ). In TEA-sensitive Kv1 channels, all four subunits make an energetic contribution to binding a single TEA molecule at the extracellular mouth, where an aromatic residue in the pore-forming region is required for high sensitivity [25] [26] [27] [28] . TEA sensitivity is mainly due to the presence in Kv1.1 of that critical residue (Tyr 379 ; see Figure 1A ), whereas the Kv1.2 tetrameric channel which has valine (Val 381 ) at the equivalent location is only feebly interrupted by TEA. Even though the TEA sensitivity of adjacently and diagonally positioned Kv1.1 and 1.2 in concatamers is different [29] , previous studies deduced that only the stoichiometry of these α subunits and not their arrangement influences the TEA susceptibility [30, 31] .
Further clarification of this important question was obtained herein by establishing if inhibition of I K (K + current) by TEA is affected by varying the number and position of sensitive Kv1 subunits tandem-linked within tetramers. This strategy allows predetermination of not just the combinations of α subunits, but also their actual arrangements in the channels trafficked to the plasmalemma [29] . Evidence for this was provided by the fast inactivation of Kv1.4-containing channels being attenuated only when Kv1.6 with its NIP (N-terminal inactivation prevention) domain is placed adjacent to Kv1.4 [possesses a NIB (N-terminal inactivation ball)] [32] . Therefore it was possible to generate recombinantly new channels with different α subunit combinations representing those in neurons. Moreover, mutation(s) were introduced in selected pore-aligned residue(s) of the first Kv1.2 α subunit in Kv1.2-1.2-1.1-1.2 to evaluate their effects on the channels' pharmacological profiles. In this way, we found that increasing the numbers of TEA-sensitive α subunits in Kv1 heteromers raise the TEA susceptibility and shift their voltage-dependence of activation. Surprisingly, mutating the first position of the Kv1.2-1.2-1.1-1.2 channel to become a TEAsensitive-like subunit did not alter the channel's insusceptibility. However, this channel became sensitive by switching the positions of the last two subunits through which a Kv1.1 subunit was proximal to the other TEA-sensitive subunit. The findings of the present study indicate the importance of the stoichiometry and positioning of α subunits in determining the TEA interaction of Kv1 heteromers mimicking those in the brain.
MATERIALS AND METHODS
DNA constructs
cDNAs for rat Kv1.1 and Kv1.2 were kindly provided by Professor Olaf Pongs (Institute for Neural Signal Transduction, University of Hamburg, Hamburg, Germany). Concatenation of four α subunits as a single ORF was accomplished using an intersubunit linker derived from the UTRs of the Xenopus β-globin gene (GenBank ® accession number J00978) [33] . Amplification of Kv1.1 and Kv1.2 was carried out using Kv sequence-specific primers which incorporated flanking XbaI/XhoI sites, allowing their individual cloning into a previously modified UTRcontaining intermediate plasmid pβUT, at XbaI/XhoI cloning sites [29] . A second round of PCR, using primers specific to the UTRs themselves, allowed amplification of the α subunit ORF contiguous with the flanking UTRs. To facilitate positionspecific direct cloning, paired restriction sites for NheI/BglII, BglII/EcoRI, EcoRI/SalI and SalI/BamHI respectively, were used to individually subclone the genes (each separated by a combined 78 bp linker including restriction enzyme sites) into each of the four positions (I-IV) of Kv1.2-1.2-1.1-1.2 of pIRES2-EGFP [29] . This particular subunit arrangement was selected because of being a heteromeric combination demonstrated in the mammalian brain by immunoprecipitation and Western blotting [10] . The rest of the tetrameric constructs were made in a similar assembly. Correct positioning of the genes in all pIRES2-EGFP plasmid constructs was confirmed by restriction analysis (Supplementary Figure S1 at http://www.biochemj.org/bj/454/ bj4540101add.htm) and complete DNA sequencing.
Construction of mutated Kv1.2-containing hetero-tetramers
Selected mutations V381Y, R354A/V381Y, Q357H/V381Y or Q357H/P359S/V381Y in the pore region of Kv1.2 ( Figure 1A) were sequentially introduced by inverse PCR with suitable primers encoding the mutated residues using Kv1.2 monomer as a template, followed by self-ligation. After verification of the resultant mutants by DNA sequencing, each gene was subsequently cloned into the first position of selected tetrameric constructs ( Figure 1B ). Figure 1 (B), using Polyfect reagent (Qiagen) or TransIT ® -2020 transfection reagent (Mirus Bio). Expression of the resultant tetrameric proteins on the plasmalemma as single chain polypeptides was confirmed by surface biotinylation followed by Western blotting [32] .
Electrophysiological recordings and data analysis
Whole-cell voltage clamp was performed as outlined previously [29] , except where specified. In the conventional patch-clamp system (EPC10 amplifier; HEKA Elektronik), the recording pipette was filled with an internal solution of the following composition: 95 mM KF, 30 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 11 mM EGTA, 10 mM Hepes and 2 mM Na 2 ATP (pH 7.2 with KOH), with fire-polished tips having resistances between 1.5 and 3.0 M . The external (bath) medium contained: 135 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 5 mM Hepes and 10 mM sucrose (pH 7.4 with NaOH). The correction was made for liquid junction potential ( + 7 mV). Only cells with an I K of >1 nA were chosen for experimentation to avoid interference from endogenous outward currents (<200 pA at + 20 mV potential). Likewise, only cells with series resistances <10 M throughout the experiments were included in the present study. Leakage and capacitive currents were subtracted online using the P/4 subtraction protocol. Currents were filtered at 1 kHz, and sampled at 10 kHz. Whole-cell currents were measured at a holding potential of − 90 mV, and then depolarized to + 20 mV for 300 ms or stepped from the holding potential in + 10 mV increments from − 80 mV to 80 mV. g K -V (K + conductancevoltage relationships) were determined from averaged steadystate currents after 200 ms of activation and normalized relative to the K + driving force, by assuming a reversal potential of − 82 mV. Time constants for activation were determined by fitting the I K amplitudes corresponding to 40-90 % of the maximum with a single exponential function. Kinetics of I K deactivation were measured from a series of depolarized potentials ( − 110 mV to − 50 mV), after a 50 ms depolarization step to + 40 mV, fitted with an exponential function.
Automated whole-cell voltage clamp system (QPatch 16, Sophion Bioscience) was performed as outlined previously [29] , using the same internal and external solutions as in the conventional system, and Qplate pin-holes having resistances 2-3 M . TEA chloride (Sigma-Aldrich) was substituted for an equivalent amount of NaCl. HEK-293 cells expressing the desired Kv1 channel were detached from culture plates with Accutase (Analab) and suspended in serum-free medium [EX-CELL ® animal-component-free medium (SAFC Biosciences), 25 mM Hepes and 5 mM L-glutamine (pH 7.4)] and washed twice with external solution before being applied to the pipetting wells in the Qplate. Giga-seals were formed following execution of a combined suction/voltage protocol; gradually increasing suction leads to the whole-cell configuration. Compounds were applied, via a four-way pipetting robot, through integrated glass-coated microfluidic flow channels. Data analysis was performed using an integrated database (Oracle) within QPatch software (Sophion Bioscience). TEA inhibition was determined by the Hill equation fit to six to eight concentrations. A Dynaflow-16 perfusion system (Cellectricon) where test solutions were exchanged by continuous microfluidic flow was used to confirm the results made by the QPatch 16. In the Dynaflow-16 system, data were taken from one to six TEA concentrations to quantify the inhibition, according to the relationship IC 50 = fc/(1 − fc) [TEA] , where fc is the fractional current and [TEA] is the TEA concentration.
Electrophysiological results were re-plotted and fitted using IGOR Pro 6 (WaveMetrics). Data are reported as means + − S.E.M. and n values refer to the number of individual cells tested. Statistical significance was evaluated by an unpaired two-tailed Student's t test or, where indicated in the text, a Mann-Whitney U test, using data obtained from at least four independent experiments. P < 0.01 was considered significant. Figure 1B ) were engineered using an inter-subunit linker derived from the Xenopus β-globin gene and paired restriction status sites [29] . The Kv1.1-1.2-1.1-1.1 channel is expected to be TEA-sensitive, as Kv1.1 subunits at positions 1 and 3 would form the preferable diagonal arrangement for high-affinity TEA binding [29] , with additional Kv1.1 subunit at the fourth position.
RESULTS
Position
On the other hand, the Kv1.2-1.2-1.1-1.2 channel was chosen for sharing the former channel with identical subunits at the second and third positions, but having three copies of Kv1.2 that would be expected to make this channel insensitive to TEA. Homotetrameric Kv1.1 and 1.2 channels were used ( Figure 1B ) as positive and negative controls respectively. As the primary goal of this investigation was to establish the optional positioning within tetrameric channels of residues that contribute to TEA sensitivity, the tyrosine residue known to be essential in Kv1.1 was substituted initially into Kv1.2 at position 381 and/or together with the R354A mutation (Table 1) to make it more similar to the highly susceptible Kv1.1 ( Figure 1A ). In the first instance, Kv1.2 and Kv1.1 homomeric channels were used for this purpose because concatenation has been shown not to alter their blockade by TEA [29] . Further mutations were introduced into Kv1.2, when present in the first position of the tetramers studied, as described in the Materials and methods section, resulting in concatenated constructs Kv1. Figure 2A ) and TEA dose-response curves ( Figure 2B ), with the difference in sensitivity being reduced 2-fold compared with Kv1.1 ( Table 1) .
As the TEA sensitivity of the Kv1.2 (V381Y) channel does not exactly match that of the Kv1.1 homomer (Table 1 ; P < 0.01 unpaired Student's t test), this might be due to the effect of other pore residues that differ between Kv1.1 and Kv1.2. Nevertheless, Kv1.2 (R354A) channel showed unaltered insensitivity, comparable with that of Kv1.2; thus, this mutation was excluded from further study, although this residue affects the binding of peptide toxin blockers [34] . When that mutation was combined with V381Y [Kv1.2 (R354A/V381Y) ], it gave a TEA value similar to that of the Kv1.2 (V381Y) channel (Table 1 ). This acquired information provided a logical basis for using the Kv1.1 and Kv1.2 genes to build the heteromers of different combinations and to introduce selected mutants of Kv1.2 at the first position in some tetramers, with the purpose of ascertaining the effects of positioning these subunits and mutants on the channels' overall sensitivity to TEA. The voltage-dependencies of activation of Kv1 heteromers were examined by conventional whole-cell patch-clamp recording from HEK-293 cells transfected separately with concatenated constructs built from different combinations of Kv1.1 and 1.2 subunits. As the pore alignment of these monomers shows overall conserved sequences, except in particular locations at the turret region and nearby the selectivity filter (see Figure 1A) , selected mutation(s) were introduced at the first position of Kv1.2-1.2-1.1-1.2 channel and their influences on g K -V examined. All Kv1 concatamers showed delayed rectifying outward I K when subjected to a depolarizing voltage step; representatives are displayed in Figure 3(A) . The g K -V profile of each heteromeric channel given could be well fitted by a single Boltzmann function ( Figure 3B ). As predicted, homo-tetrameric Kv1.1 channel yielded an I K with the most negative V 1/2 value (Table 2) , which is indistinguishable from their homomeric counterpart (V 1/2 = − 30 + − 1; n = 13). On the other hand, concatenated Kv1.2 channel activates at more depolarized potentials and revealed, as expected, the most positive V 1/2 value (Table 2 ), similar to the value for homomeric Kv1.2 channel (V 1/2 = − 2 + − 1; n = 7). This indicates that the concatenation did not affect the voltagedependence of activation of tetrameric channels tested. The three copies of Kv1.1 subunits in Kv1.1-1.2-1.1-1.1 shifted the channel's V 1/2 towards the more negative potentials of Kv1.1 channel ( Figure 3B and Table 2 ); even one copy of Kv1.2 in Kv1.1-1.2-1.1-1.1 is enough to exert a significant opposite shift in V 1/2 from that of Kv(1.1) 4 concatamer ( Figure 3B and Table 2 ); hence one copy of Kv1.1 in the tetramer causes just a further minor shift in V 1/2 from that of Kv(1.2) 4 . The shifts in V 1/2 values observed are directly influenced by the number of identical subunits in the tetramers. Collectively, the results of the present study showed that subunit composition of these channels directly affect their voltage-dependence of activation.
In contrast, tetramers having the same subunit compositions and positioning (Kv1. Figure 3C and Table 2) revealed that concatenated homomeric Kv1.1 and Kv1.2 channels showed overall similar, albeit distinct, activation and deactivation properties. Deactivation occurred in a voltage-dependent manner, but was steeper for Kv1.2 homo-tetramer compared with that for Kv1.1 ( Figure 3C ). Changing the stoichiometry of heteromeric channels, by increasing the number of Kv1.2 relative to 1.1 subunits, increased the time constant of deactivation at − 60 mV (Table 2) . However, altering the position of these subunits, or inserting selected point mutations in the pore of the first subunit in Kv1.2-1.2-1.1-1.2, did not alter the overall deactivation kinetics. In the case of activation, kinetics of the concatenated channels showed similar voltage-dependence with acceleration of gating seen beyond 0 mV. A significant increase occurred in the activation rate of heteromeric channels which becomes higher in response to an increased number of Kv1.2 subunits, measured at 0 mV (Table 2) . Those results showed clearly that subunit composition of these concatenated channels affects both activation and deactivation kinetics. Table 2 .
Table 2 Biophysical properties of Kv1 concatenated heteromers and mutants compared with their tandem-linked parental homomers
Results are represented as means + − S.E.M. (n); *P < 0.01 and **P < 0.001 values are significant compared with Kv(1.1) 4 (Mann-Whitney U test). †Data taken from [29] . TEA sensitivities of Kv1 concatameric channels are affected by altering their subunit composition or introducing a selective pore mutation
Although tandem-linked homo-tetrameric Kv1.1 channel showed similar TEA sensitivity to their homomeric counterparts ( Figure 4A , and Tables 1 and 3 ), replacing one of its subunits with an insensitive Kv1.2 constituent to produce Kv1.1-1.2-1.1-1.1 resulted in a significant 3-fold decrease in TEA sensitivity compared with that of Kv(1.1) 4 ( Figure 4 , and Table 3 ; P < 0.01, unpaired Student's t test). The same shift in TEA susceptibility could be achieved by mutating the first insensitive subunit, Kv1.2 (V381Y) -1.2-1.1-1.1 ( Figure 4 , and Table 3) , with an IC 50 of ∼ 1 mM. It is worth noting that introducing the Kv1.2 (V381Y) mutation increases the TEA sensitivity of Kv1.2 (V381Y) -1.2-1.1-1.1 channel approximately ten times compared with wild-type [29] (Table 3) . Furthermore, Kv1.2-1.2-1.1-1.2, with a single Kv1.1 subunit at the third position gave an I K insensitive to TEA ( Figure 5A ); its IC 50 was indistinguishable from that of Kv1.2-1.2-1.2-1.2 channel (Figure 4 and Table 3 ), indicating that one copy of the Kv1.1 subunit is insufficient for TEA co-operative binding.
Collectively, these results indicate that the pharmacological profile of Kv1 tetramers can be increased by changing the stoichiometry of subunits (e.g. by increasing the number of TEAsensitive subunits) or by selected mutation of Kv1.2 in the first position of certain heteromers. In the next experiments, the stoichiometry of the subunits was kept equal with the first subunit mutated to Kv1.2 (V381Y) in the expectation of increasing the channel's susceptible to TEA; as shown in the diagonally arranged (Kv1.1-1.2-1.1-1.2) channel reported previously [29] (see Table 3 ). Surprisingly, the Kv1.2 (V381Y) -1.2-1.1-1.2 channel showed a TEA-insensitive I K , similar to its wild-type (Figures 5A and 5B, and Table 3 ). This unexpected observation was further investigated by inserting additional mutations, resembling their equivalents in Kv1.1 subunits at the turret region (see Figure 1A ), Kv1.2 (Q357H/V381Y) -1.2-1.1-1.2 and Kv1.2 (Q357H/P359S/V381Y) -1.2-1.1-1.2, but these also gave I K resistant to TEA ( Figures 5A and 5C , and Table 3 ). However, a TEA-sensitive I K resulted ( Figure 5A ) from swapping the third and fourth positions of the Kv1.2 (V381Y) -1.2-1.1-1.2 channel to produce a channel retaining the same stoichiometry, but with a Kv1.1 subunit in close proximity or adjacent to the mutated-sensitive Kv1.2 in Kv1.2 (V381Y) -1.2-1.2-1.1 channel. Its IC 50 approximated to the channel having two copies of sensitive subunit in an adjacent arrangement (e.g. Kv1.2-1.2-1.1-1.1 channel) ( Figure 5C and Table 3 ); with the channels' subunit stoichiometry maintained, the positioning of sensitive subunits mediates inhibition of this I K by TEA. Table 3 . 
DISCUSSION
Distinct tetrameric Kv1 channels using predetermined subunit combinations
An innovative cloning platform was employed in the present study that affords expression of four α subunits as a single protein, with predetermined compositions and positions of subunits as functional channels on the plasmalemma. This technology avoids unexpected channel assembly and paved the way for studying Kv1 heteromers of defined stoichiometry. Studies focused on [29, 32, 33] . Gradual changes were observed in both the biophysical properties (e.g. deactivation/activation kinetics and g K -V) and TEA sensitivity upon altering the ratio of Kv1.1 to Kv1.2 subunits in tetramers. There was no indication of a position-dependent over-representation of any subunit, a problem noted with Kv1 concatamers made by a less stringent method and expressed in Xenopus oocytes [35, 36] . A variety of concatenated inward rectifying K + channels were prepared and varying the positions of their subunits found to affect functionality [37] . In addition, channels generated by combining human Kv1.1 subunit bearing episodic ataxia type-1 mutations with Kv1.2 yielded distinct gating properties which uncovered physio-pathogenetic mechanisms of this channelopathy [38] .
Positioning of α subunits and those possessing a key tyrosine residue profoundly affects TEA inhibition of theI K As predicted, mutating Kv1.2 in the first position in the Kv1.2 (V381Y) -1.2-1.1-1.1 construct yielded a channel with a ∼ 9-fold increase in TEA sensitivity similar to that of Kv1.1-1.2-1.1-1.1 (Table 3 ). This improved TEA susceptibility correlates with the presence of two copies of Kv1.1 subunits that co-operatively interact with TEA in addition to the contributions of another sensitive subunit Kv1.2 (V381Y) mutant at the first position, whereas Kv1.2 occupied the second position in both channels. However, replacing the first position of the other standard concatamers, Kv1.2-1-2. (Table 3) .
It seems that the higher-affinity binding of the TEA (in the case of homomeric Kv1.1 or its concatenated form) is achieved by simultaneously binding four aromatic side chains, one from each subunit through cation-π co-operative interaction [28, 30, 39] 
Pharmacological research prospective for Kv1 channel concatamers
Although Kv1 channels are expressed broadly throughout many regions of the CNS (central nervous system), their differential expression facilitates the appropriate modulation of neurotransmission. Kv1.1 and Kv1.2 are localized along axons, as dense clusters in the juxtaparanodal region of demyelinated nerves and other subcellular compartments as heterotetramers to support fast axonal repolarization and rapid conduction of high frequency action potentials [17, 18, 40] . Hence Kv1.1-and Kv1.2-containing channels in these axons are able to modulate action potential propagation and dampen unwanted repetitive firing [41, 42] . This might be achieved by formation of oligomeric subtypes of channels with different heteromeric combinations of subunits to achieve biophysical properties best tailored for particular functions. In this context, Robbins and Tempel [43] have suggested that heteromeric assembly of Kv1.1 and Kv1.2 subunits, which varies between cell types and locations in CNS, could be a reason Kv1.1-and Kv1.2-null mice display spontaneous seizures although with distinct phenotypes. Recently, the use of Kv1.1 knockin ataxic mice revealed that juxtaparanodal Kv1.1-containing channels exert a dampening of excitability in motor nerves during fatigue or ischaemic insult [44] . These collective findings highlight that recombinant forms of heteromeric Kv1.1 and Kv1.2 channels could provide potential targets for drug research and development. Accordingly, the Kv1.1-1.2-1.2-1.2 channel was used recently as a target for highthroughput screening of selective inhibitors [45] . This promising venture should have an impact on searches for potent and selective blockers of neuronal Kv1 heteromers.
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